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Abstract
Hematite (-Fe2O3) and magnetite (Fe3O4) powders, milled for various times up to 10 hours by a high energy ball milling
technique, were structurally and magnetically characterized by X-ray diffraction and magnetic measurements in magnetic field
up to 10 T in the 2 K – 300 K temperature range. From X-ray diffraction line analyses, it is found that when the milling time is
increased, the grain size of -Fe2O3 particles falls down to about 15 nm, and the induced strains and distortions increase up to 0.9
% at 10 hours of milling. The ZFC-FC magnetization curves of the milled samples for 1 hour, with an applied field of 5 mT,
show that superparamagnetism is present, but with a blocking temperature well above 300 K. The magnetization at saturation
increases to a maximum of 0.78 Am2/kg, while the coercive force falls rapidly to a constant value after a milling time of 5 hours.
Magnetite powders, milled up to 10 hours, transform partially to hematite, leading to a decrease of the magnetization at 300 K. A
correlation between the microstructural evolution of the milled sample can be made with its magnetic properties.
© 2009 Elsevier B.V.
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1. Introduction
Small magnetic particle systems are interesting due to their applications in the fields of nanoscience and
nanotechnology. The iron oxides as -Fe2O3 (hematite), Fe3O4 (magnetite), -Fe2O3 (maghemite) and FeO (wurstite)
are important as electrical and magnetic materials [1-3]. Recently, high energy ball milling (HEBM) technique has
emerged as a non-expensive route to produce non-equilibrium phases in several varied forms, such as
nanostructured and amorphous materials, nanocomposites and extended solid solutions. As a consequence of that,
there is a great dispersion of results concerning the properties of iron oxides nanoparticles. In particular, extensive
studies on magnetite and maghemite nanoparticles have been made, but only few on hematite based particles.
In this context, we have prepared two series of nanosized iron oxides particles by the HEBM technique, starting
from -Fe2O3 and Fe3O4 powders respectively. Their structural and magnetic properties were investigated.
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2. Experiments
Hematite (99.9 % pure -Fe2O3) and magnetite powders, from Alfa-Aesar, were put in a planetary ball mill where
hardened steel vials of 45 cm3 volume containing 6 stainless steel balls of 13 mm diameter were set in rotation at
400 rpm. The ball-to-powder mass ratio was kept at 30:1. All milling experiments were performed in air atmosphere
(dry milling). The powders were milled for various times ranging from 1 h to 10 h.
X-ray diffraction measurements were performed using a Siemens D5000 diffractometer with Co (K) radiation in
the 2 range from 20° to 80° with counting time varying between 4 and 12 s for steps of 0.02°. We have considered
the most important reflexions for X-ray profile analysis. The mean grain size was obtained from the Scherrer
relation. The particle morphology of the ball-milled materials was observed by scanning electron microscopy
(SEM).
The magnetic characterization was performed in dc magnetic fields up to 10 T and in the temperature range of 2
K – 300 K by the extraction method in the magnetometer of the Néel Institute at Grenoble. Zero-field-cooled (ZFC)
and field-cooled (FC) curves were taken from 5 to 300 K, using a commercial Quantum Design SQUID
magnetometer.
3. Results and discussion
3.1. Hematite -Fe2O3
SEM micrographs (Fig. 1) of hematite milled for 1 h to 10 h showed that all samples consisted of agglomerates of
particles varying from 200 to 700 nm in size.
The XRD patterns of the unmilled (0 h) and milled powders (Fig. 2) show the hematite peaks, with no apparent
transformation to magnetite [4]. Usually, this transformation is observed and depends on the milling atmosphere and
impurities induced by the deformation process.
Fig. 1. SEM micrographs of (a) unmilled hematite, (b) milled for 1 h, (c) milled for 5 h and (d) milled for 10 h.
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A broadening of the reflection peaks is observed, due to the particle size reduction and to the increase in the root
mean square (rms) of the atomic-level strain induced from the fracture and welding processes. The deduced values
of these two parameters are shown in Fig. 3. The grain size of the -Fe2O3 particles after 10 h of milling falls to
about 15 nm and the average strain increases from 0.5 % at 1 h to 0.9 % at 10 h.
The relative deviations of the cell parameters a/a=(a-a0)/a0, c/c=(c-c0)/c0, and unit-cell volume
V/V=(V-V0)/V0, from the values a0, c0 and V0 of the bulk unmilled hematite are shown versus milling time in Fig.
4. We observe an anisotropic expansion of the unit cell, with a significant dilatation at 1h of milling with an increase
of the cell volume of 0.59 %. This effect seems to be due to the rapid cold working as previously observed by others
[5]. For higher milling times, a and c remain roughly constant.
The ZFC magnetization curve is obtained by cooling in a zero field from room temperature and then measuring
magnetization as temperature is increased in a small applied field. The FC magnetization curve is obtained by
measuring at decreasing temperatures in the same small applied field. The magnetization versus temperature curves
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Fig. 2. X-ray powder diffraction pattern (Co Kα radiation) of unmilled (0 h) and milled hematite -Fe2O3 (milling time: 1 h, 3 h, 5 h and 10 h).






























Fig. 3. Evolution of the crystallite size and the microdeformation
versus milling time of α-Fe2O3.
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Fig. 4. Relative deviations of the cell parameters and cell volume
versus milling time. a/a (open square), c/c (circle), V/V (triangle)
(see definitions in text).
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measured under ZFC and FC conditions in a magnetic applied field of μ0H = 5 mT are presented in Fig. 5. They
show a large irreversibility on the magnetization, typical of mostly single domain particles characterized by a
superparamagnetic (SPM) regime at high temperature [6], but with blocking temperatures above 300 K, and only
few percent being in the super paramagnetic relaxation regime at 300 K as it was seen in Mössbauer experiments
[7].
Other measurements of the magnetization of all the samples were performed as a function of the magnetic field
up to 10 T at different temperatures in the 2 K-300 K range. Typical results at T=300 K and T=20 K are shown in
the figures 6 and 7a, 7b respectively. For all the milled powders there is an hysteretic behaviour in low fields; the
magnetization increases rapidly at fields up to about 0.3 T and then vary almost linearly without reaching any
saturation in a field of 10 T. This typical weak ferromagnet like behaviour confirms the main antiferromagnetic
interactions in hematite particles, responsible of a large magnetic susceptibility in high fields which is superimposed
to a spontaneous ferromagnetic moment, coming either from true weak ferromagnetism for temperatures above the
Morin transition (MT), either for uncompensated moments mainly at the surface of the particles [8].
For each magnetization curve, one can consider the high field linear part as defining a high field magnetic
susceptibility χhf by its slope and a saturation magnetization Ms by its extrapolation to zero field. For all the
samples, the saturated ferromagnetic contribution Ms depends on the milling time but is temperature independent
within the experimental errors of its determination. For example, in the figure 8, the dependence with the milling
time of Ms is reported at 300 K and at 100 K. For each milling time, the values are almost identical and it indicates
that the Morin transition is not seen in our experiments. Such suppression of the Morin transition has been already
described in the past for powders of nanoscale particles [9, 10] and recently related to some microstructural changes
in ball-milled samples [11]. Ms begins to increase, reaching a maximum value after 3 h of milling (either at 100 K or
300 K) and then decreases slightly. This can be explained by the raise of uncompensated moments, mainly at the
surface of the particles, which give a spontaneous specific moment aligned with the antiferromagnetic (AF)
direction of each grain and related to its mean diameter d by a power law 1/dα with an exponent α in the range: 1 to
2, [8]. For very small grains, this increase can be overcomed by the fact that the antiferromagnetic structure is
becoming less organized, without well defined AF direction and with surface spins having rather random directions,
resulting in a smaller moment of the particle.
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Fig. 7b. Insight on the hysteresis loops, showing the coercive field Hc,
for different milling times at T = 20 K.
Fig. 7a. Hysteresis loops for different milling times at T = 20 K.
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The high field magnetic susceptibility χhf is also almost temperature independent and its value for the unmilled
powder (χhf = 0.19 ± 0.01 Am2/kg/T) is in good agreement with the previous determination on powders and crystals
[12-14]. All the χhf values for the milled samples are slightly higher but within the range 0.20 – 0.21 Am2/kg/T; even
at low temperature.
On another way, the variations of the coercive force Hc with the milling time at the same temperatures (300 and
100 K) are shown in the figure 9. μ0Hc decreases from 0.07 T (for T = 300 K) and 0.11 T (for T = 100 K) to about
0.03 T above 5 h of milling. These values are in agreement with previous studies where μ0Hc was found to vary
between 0.03 T and 0.4 T depending on the hematite particles microstructure [11].
3. 2. Magnetite Fe3O4
Figure 10 shows the X-ray diffraction patterns of magnetite powders in both unmilled (0 h) and milled (10 h)
states. After 10 hours of milling, the Fe3O4 phase diffraction lines are broad and shifted to the higher angles,
revealing a decrease of the lattice parameter, i.e., from a = 8.3928 Å in the initial sample to a = 8.3853 Å in the
milled sample. The mean crystallite size of the Fe3O4 particles attains 17 nm. It can be seen that some diffraction
peaks are due to the presence of hematite. We estimate the mean grain size of the formed -Fe2O3 particles to 16 nm
with a unit cell axis of a = 5.0398 Å and c = 13.7317 Å. In fact, according to recent reports [4, 15, 16], it is found
that phase changes of iron oxides depend on the milling atmosphere, the presence of impurities, milling materials
and milling time. It is also observed [17] that the milled Fe3O4 is oxidized to -Fe2O3 after 70 h of ball milling.
However, when it is milled in an argon atmosphere [18], the -Fe2O3 phase appears after 12 h and disappears after
48 h. In our case, it seems that about 40% of the initial magnetite powder is transformed to hematite after 10 hours
of dry milling in air.
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Fig. 8. Saturation magnetization dependence with milling time at
100 K and 300 K.
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Fig. 9. Coercive force dependence with milling time at 100 K
and 300 K.
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The changes in ZFC and FC magnetization with temperature of our milled Fe3O4 sample are shown in Fig. 11.
The ZFC magnetization of the milled sample for 10 h increases almost linearly up to 130 K with a little bump
around 35 K. Then, it smoothly decreases until 300 K. This behaviour has been previously observed in annealed
nanocrystalline Fe3O4 powders [19]. Furthermore, the FC and ZFC curves are distinct over all the temperature range.
It reveals that the blocking temperature, at which the superparamagnetic relaxation is complete with regard to the
time of measurement, is still above 300 K for the concerned particles. This feature can be attributed for a large part
to the hematite nanoparticles present in that powder. The Verwey transition, which is observed still rather sharply in
the non milled sample at about 120 K, seems to spread out over the whole range from 4 to 130 K for the milled
sample. It is known that this transition temperature is shifted to lower temperatures for small particles [20], and
disappears completely for particle sizes smaller than 10nm. So, in our case, the observed curve may result of the
distribution in Fe3O4 grain size centered at about 17 nm with a related distribution of Verwey temperatures with a
corresponding center at 35 K.
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Fig. 10. X-ray powder diffraction pattern (Co Kα radiation) of unmilled and milled Fe3O4 powder to 10 h.



























Fig. 11. Zero-field-cooled (ZFC) and field-cooled (FC) magnetization
versus temperature (0H = 10 mT) for Fe3O4 sample milled 10 h.





















Fig. 12. Magnetization curves of the unmilled and milled Fe3O4
sample at 4K and 300K.
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Magnetization measurements versus applied field performed at T = 4 K and 300 K are presented in figure 12. It is
seen that milling process induces a decrease of magnetization due mainly to the formation of superparamagnetic -
Fe2O3 particles. The change in the saturation magnetization Ms from 88 to 50.6 Am2/kg at 300 K confirms the
proportion of hematite estimated from X-ray diffraction. Nevertheless, the observed decrease in Ms can also be due
to spin disorder at the surface of the Fe3O4 nanograins but this effect can be neglected in first approximation with
regard to the effect of the transformation in hematite. In the meanwhile, the coercive force increases from 0.038 to
0.063 T (at 4 K) and from 0.022 to 0.048 T (at 300 K).
4. Conclusion
We have shown the effect of ball milling on the structural and magnetic properties of iron oxides. By HEBM up
to 10 hours of -Fe2O3 powders, nanometer-sized particles were obtained without any change of phase. The Fe3O4
milled particles exhibited a partial transformation from cubic magnetite phase to hexagonal hematite phase that can
explain the decrease of its saturation magnetization and the complex behaviour of ZFC-FC curves at low field.
Further investigations would be needed in order to precise the behaviour of such fine-particles iron oxide systems.
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